A novel organic monolithic stationary phase was prepared for highperformance liquid chromatography (HPLC) by in situ copolymerization. In which, triallyl isocyanurate (TAIC) and trimethylolpropane triacrylate (TMPTA) in a binary porogenic solvent consisting of polyethylene glycol 200 and 1, 2-propanediol were used. The resultant monoliths with different column properties (e.g., morphology and pressure) were optimized by adjusting the ratio of TMPTA/TAIC and the composition of porogenic solvent. The resulting poly(TAICco-TMPTA) monolith showed a relatively homogeneous structure, good permeability and mechanical stability. The chemical group of the monolith was assayed by the infrared spectra method, the morphology of monolithic material was studied by scanning electron microscopy and the pore size distribution was determined by a mercury porosimeter. A series of small molecules were used to evaluate the column performance in terms of hydrophobic mode. At an optimized flow rate of 1.0 mL min 21 , the theoretical plate number of analyte was >15,000 plates m 21 . These applications demonstrated that the monoliths could be successfully used as the stationary phase in conjunction with HPLC to separate small molecules from the mixture.
Introduction
The high-performance liquid chromatography (HPLC) technique is undoubtedly among the cornerstones of modern analytical chemistry. Nowadays, analytical chemists envisage the challenge of an increasingly growing demand for fast and efficient separation protocols (1) . In the past two decades, monolithic materials have been attracting attention as alternative stationary phases for HPLC, due to their fast dynamic transport and time-saving process (2 -5) .
Monolithic columns are single-piece rod continuous separation media, based on either inorganic silica matrices or organic polymers such as polystyrenes, polymethacrylate esters and polyacrylamides. The structure of monolithic media can be represented as a network of small inner pores (mesopores) interconnected by micrometer-sized flow-through pores. This dual-pore structure provides good bed permeability, enables fast separations at high flow of the mobile phase and moderates back pressures in comparison with particle-packed columns with similar efficiency, which is the main reason for increasing popularity of monolithic columns (6 -9) . Typical organic polymer monolithic columns prepared from porous polymers (10) comprise aggregated nonporous microglobules and exhibit modest surface areas in the range of tens of m 2 g 21 . Organic polymer monoliths have become popular for rapid gradient separations of proteins, nucleic acids and synthetic polymers; however, they generally show low efficiency for the separation of small molecules, especially in the isocratic mode (6, 11) . However, in this study, the monoliths could be successfully used as the stationary phase in conjunction with HPLC to separate small molecules from the mixture.
Triallyl isocyanurate (TAIC) is one of the polyfunctional monomers. TAIC possesses some unique properties; it has a thermally stable triazine ring and allyl groups, providing a polymer with improved characteristics, including heat resistance, mechanical properties and resistance to hydrolysis and weathering (12) . Owing to the limited solubility of long alkyl chain nonpolar monomers in aqueous polymerization media, most reported methacrylated-based monoliths were focused on short alkyl chain monomers. Compared with the other cross-linking agents, trimethylolpropane triacrylate (TMPTA) has three double bonds with high reactivity, which can capture free radicals easily and form cross-linking structure (13) . Physicochemical parameters, such as the level of cross-linker and porogens, are very important in controlling the morphology and internal structure of the resulting copolymers (14 -16) . These are the main variables that affect the porosity, specific pore volume and surface area significantly (17) .
In this study, a novel poly(TAIC-co-TMPTA) monolithic column, which was prepared by a single step, was developed as the stationary phase in HPLC. This new polymer showed a relatively homogeneous structure, good permeability, mechanical stability and low pressure. An application of the newly designed polymeric media to separation of a series of typical low-molecular-weight organic compounds was demonstrated. The theoretical plate number of this monolithic was . 15 
Instruments
Chromatographic separations were carried out using a system described previously (18) . A 1100 system from Agilent Technologies (Santa Clara, CA) was applied to chromatographic studies. This HPLC system consisted of a quaternary pump with an online vacuum degasser, an autosampler with variable injection capacity from 0.1 to 100 mL and a UV detector. System control and data processing were carried out using Windows XP solution software. The pieces of monoliths were dried in vacuo at 608C for 24 h for scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy characterization. SEM images of the monolithic columns were carried out on a Hitachi S-3400 scanning electron microscope (Hitachi High-Technologies, Tokyo, Japan). For the internal morphology studies of monoliths by SEM, the pieces of monoliths were snapped apart and placed on sticky copper foils, which were attached to a standard aluminum specimen stub. Then, the attached monoliths were coated with 20 nm of gold by an Eiko IB-3 sputter coating instrument (Eiko; Tokyo, Japan). The FTIR spectra were recorded on an FTIR-8400S IR apparatus in the region of 400-4,000 cm 21 (SHIMADZU; Kyoto, Japan). The monoliths were removed from the stainless steel columns and cut into little pieces. Before the FTIR spectra measurement, the desiccative piece of monolith was grinded into powder and then further dried in vacuo at 608C for 24 h. The sample of FTIR spectra measurement was prepared by mixing 1 mg of monolith powder and 100 mg of ground KBr and pressing it in a die, forming a pellet at 10 tons and 1 min. Then, a transmission spectrum with a sharp peak was obtained.
Preparation of poly(TAIC-co-TMPTA) monoliths
A solution composed of monomer, cross-linker, porogenic solvent and initiator was used to prepare the poly(TAIC-co-TMPTA) monoliths, which are listed in Table I . In brief, this solution was made by dissolving of AIBN (0.005 g), TMPTA (0.30-0.90 mL) and TAIC (0.30-0.90 mL) in a binary porogenic solvent, which consisted of PEG-200 (0.00 -1.30 mL) and 1,2-propanediol (0.00-1.30 mL). The mixture was sonicated for 15 min to obtain a homogeneous solution and then purged with nitrogen for 10 min. Then, the stainless steel columns (50 Â 4.6 mm i.d.) sealed at the bottom were filled with the polymerization mixture and then sealed at the top. After the polymerization was allowed to proceed at 608C for 24 h, the seals were removed from the tubes and the columns were provided with fittings. Then, the columns were attached to the HPLC system and washed with methanol at a flow rate of 1.0 mL min 21 for 60 min to remove PEG-200, 1,2-propanediol and other soluble compounds present in the polymeric rod. The scheme of polymerization is shown in Figure 1 .
Calculations Chromatographic parameters such as retention factor (k) and resolution (R), symmetry factors (S) and theoretical plate number per meter (N) were calculated using the formulas according to the literature (19) .
HPLC measurements
The mobile phase for measuring was composed of methanol : water and ACN : water. A flow rate of 1.0 mL min 21 was used unless otherwise stated, and the UV absorbance was monitored at 254 nm. Chromatographic separation of benzene derivatives was achieved on the polymeric monolith. The sample injection volume of the autosampler was 3.0 mL.
Results

Preparation and characterization of poly(TAIC-co-TMPTA) monoliths
The first step of the experiments was committed to the synthesis of HPLC-compatible monolithic columns. The ratio of TMPTA -TAIC in the reaction mixture affected not only the formation of monolithic skeleton, but also its chromatographic behaviors. Based on the above consideration, the polymeric substance with the different ratios of TMPTA -TAIC from 0.5 : 1 to 2 : 1 was examined, and the corresponding monoliths were referred to columns A, B and C (see Table I ). It was observed that the back pressure of the monoliths clearly increased with the increase of the ratio of TMPTA -TAIC. The results could be explained that the high content of TMPTA inclined to the aggregation of monolithic matrix transition and thus led to the higher back pressure.
The results demonstrated that the monolith formed when using the only kind of porogenic solvent was too slack. It was determined that binary porogen of PEG-200 and 1,2-propanediol were best suited for the preparation of porous poly(TAIC-co-TMPTA) monoliths, where the homogeneous prepolymerization solution could be obtained. Moreover, the ratio of PEG-200 and 1,2-propanediol was also studied from 0 : 1.3 to 1.3 : 0 (v/v) (columns D -F in Table I ). In addition, column E with the ratio of PEG-200 and 1,2-propanediol was similar to the column B, but it showed very low column efficiency. Considering that low back pressure and slack column state might procure the low column efficiency, and high back pressure might cause difficulty in conditioning monolithic columns with mobile phase, the optimum amount of monolithic column is column B. So column B was chosen for further study. The morphology of the monolithic materials was studied by SEM and is shown in Figure 2 . Compared with columns A and C, column B showed the porous and homogeneous monolithic structure. Spherical units were aggregated into large clusters in the monoliths. Moreover, the size of the flow-through path between the interconnected globules varied widely, which was ranged from a few to more than a dozen micrometers. Column D could not be obtained from SEM direct visual images because of the high pressure.
Mechanical strength and permeability
It is important that the stationary phase of HPLC should have good mechanical strength and permeability. To evaluate the mechanical stability of the column material, the pressure drop across the column was measured in different linear flow rates. Figure 3 shows the effect of linear flow rate on the back pressure when water and methanol were used as the mobile phase. An excellent linear dependence of the column pressure on the linear flow rate was indicated by a regression factor R better than 0.9992 for the measured curve, indicating that these monoliths have good mechanical stability.
FTIR study of the monolith FTIR analysis was used to characterize the poly(TAIC-co-TMPTA) monolith as shown in Figure 4 . Absorbance peaks were present at 2,970-2,880 cm 21 due to the functional group -CH 3 ; the strong band observed at 1,750-1,725 cm 21 was due to the ester band; the broad band at 1,450 cm 21 was due to the -CH 2 -group and the spectra at 1,100 and 1,200 cm 21 showed the presence of the C -O-C group.
Pore size distribution and specific surface of the monolith Pore size distribution determined the fraction of the total pore volume accessible to molecules of a given size and shape, which was a very important property of the monolith. The pore size distribution for the monoliths was measured by mercury intrusion porosimetry. The total intrusion volume, median pore diameter (volume) and interval porosity were 2.18 mL g 21 , 3.52 mm and 69.54%, respectively.
The specific surface area was assayed by the nitrogen adsorption method and was calculated to be as high as 106 m 2 g 21 . These results indicated that small-sized skeletons provided larger surface area and thus excellent accessibility of the reactive sites.
Applications
Mobile phase ratio and velocity on the separation To evaluate the performance of column for analyzing neutral compounds, the mixture of three compounds (benzene, biphenyl and phenanthrene) was separated by using this homemade column. Experimental results showed that the analytes were eluted according to benzene, biphenyl and phenanthrene. As shown in Figure 5 , the elution orders of these compounds were in accordance with their hydrophobicity. The results showed that methanol % in mobile phase had considerable effects on resolution (see Figure 5A ). It could be concluded that the resolution increased with decreasing methanol % in mobile phase. However, the analysis time also increased correspondingly. When the content of methanol : water was 80 : 20 (v/v), higher resolution and shorter analysis time were obtained. Therefore, methanol : water (80 : 20, v/v) in mobile phase was considered as optimal proportion.
An investigation of flow velocity influencing the retention behaviors of these neutral compounds was carried out. It could be seen from Figure 5B that the increase in flow velocity from 1.0 to 3.0 mL min 21 reduces the run time from 6.5 to 2.5 min. The results showed that increasing the flow velocity will reduce the resolution and retention time. Therefore, the flow rate of 1.0 mL min 21 would lead the best result.
Separation of benzene derivatives by ACN : water
As mentioned previously, the proposed monolith can also provide hydrophobic interaction at lower ACN content and the separation ability of the monolith was tested by separating benzene derivatives. A typical chromatogram shown in Figure 6 demonstrates the baseline separation of four benzene derivatives within 7 min with 5 cm effective column length. Benzene derivatives were eluted in the order of phenol , b-naphthol , biphenyl , phenanthrene according to their hydrophobicity on the monolith, validating a typical reversed-phase separation mechanism.
Separation of small molecules by methanol : water To investigate the ability of this monolithic column in separating small molecules from the mixture, five compounds were used. Under optimized conditions, good separation in baseline and nice peak symmetries were achieved for all of basic compounds ( Figure 7A ). It was found that these compounds eluted according to their hydrophobicity in the order of anthracene . diphenylamine . naphthylamine . p-xylene . aniline on the poly(TAIC-co-TMPTA) monoliths.
The C18 (250 Â 4.6 mm i.d.) column was used to separate the same analytes from Figure 7A , and the results are presented in Figure 7B . The baseline separation of five analytes was obtained within 36 min with the mobile phase being methanol : water (80 : 20, v/v) (Figure7B). Analytes were eluted in the order of aniline, p-xylene, naphthylamine, diphenylamine and anthracene according to their hydrophobicity. The C18 column efficiencies for the five analytes were 5,000-17,000 theoretical plates per meter. However, besides the commercial C18 column is expensive, it had high back pressure and peak tailing in the separation of amide compounds.
Meanwhile, some chromatographic parameters such as retention factor and resolution, symmetry factor and theoretical plate number of each small molecule were calculated and the result is shown in Table II , in which the theoretical plate number for the analytes could be up to 15,133 plates m 21 . It could be seen that the monoliths are excellent stationary phase for the separation of small molecules.
Reproducibility and stability
The reproducibility of the poly(TAIC-co-TMPTA) monolithic column was assessed through the percent relative standard deviation (RSD) based on retention times using aniline, p-xylene, naphthylamine, diphenylamine and anthracene as the test compounds. The RSD values of run-to-run and column-to-column based on retention times were ,2.9% (n ¼ 6) and 5.2% (n ¼ 5), respectively. Furthermore, the chromatograms on the monoliths were obtained after numerous equilibrations and separation runs involving the small molecules mixture. The results indicated that the prepared monolithic column had reliable stability and reproducibility.
Discussion
The monoliths have to satisfy certain criteria in order to be useful as stationary phases for HPLC separations. Like the synthesis of other types of monolithic, different compositions of polymerization mixtures were the critical factor for synthesis of the monolith. Monomer and cross-linker play important roles in monolith In Situ Polymerization of Monolith 535 preparation. They have significant effects not only the rigidity and porosity of the monolith, but also the selectivity and column efficiency of the monolith. The poly(TAIC-co-TMPTA) monolith was uniform over all the column length and showed good mechanical and chemical stability. From preliminary experiments above, the monolith column using PEG-200 and 1,2-propanediol as porogen had a high porosity and submicron skeleton structure, which lead to high permeability. As an extension of the application of the compound, the optimized monolith was applied for the separation of small molecules by HPLC, and high performance was obtained.
Conclusion
In this paper, a novel poly(TAIC-co-TMPTA) monolithic column was successfully developed by using the in situ copolymerization technique. A monolith with skeleton structure was obtained by a simple one-step process. The results showed that the monolith could be used as HPLC stationary phase successfully without those time-consuming and numerous chemical modifications. The monolith exhibited good mechanical stability and separation efficiency. The results suggested that such kinds of monolithic columns could be used as a simple, cheap and effective solid phase to HPLC. 
